We evaluated fundus imaging using a modiWed confocal scanning laser ophthalmoscope (cSLO) in mice. Examinations were performed in conscious, untrained mice. The largest Weld of view measured 1520 £ 1520 , with a signiWcant interindividual variability, itself correlated to biometric variability. The composite Weld of view extended up to the ora serrata. The reXectance imaging associated light reXection from nerve Wber bundles and vessel walls, and absorption by hemoglobin and melanin. Light absorption by the pigment epithelium indeed increased the contrast of the nerve Wber layer, but impaired viewing of the choroid. Due to the confocal mode, Xuorescence angiograms with clear separation of retinal and choroidal Xuorescence could be obtained even in albino mice. Micrometric-scale transverse resolution and several planes of optical sectioning within the retina were obtained. This permitted for instance tridimensional, subcellular viewing of gfp-expressing retinal microglial cells in CX 3 CR1 mice. We concluded that cSLO is a promising tool for noninvasive, multimodal intravital microscopy of the fundus in the mouse. 
Introduction
Imaging the fundus in vivo in experimental models of retinal diseases is of great interest for screening purposes, for characterization of the natural history of retinal diseases or for monitoring therapeutic eVects. Fundus imaging is indeed less time-consuming than histology and is potentially more precise in deWning the extent of a lesion. Furthermore, for ethical reasons, and because expensive and/or fragile animals such as transgenic or aging mice are often necessary for medical research, limiting the number of experimental animals used and the invasiveness of explorations is desirable.
There are as yet, however, several limitations to conventional fundus photography techniques in the mouse (DiLoreto, Grover, del Cerro, & del Cerro, 1994; Hawes, Smith, & Chang, 1999) , and thus it remains of limited quality compared to human fundus imaging. For instance, Xuorescein angiography, which is the most common technique for vessel imaging in humans, is aVected by the background Xuorescence from the choroid in albino animals. As a consequence, several aspects of the mouse fundus remain to be fully described. To the best of our knowledge, there are no report of choroidal vascular imaging in rodents, and there are few reports of the imaging of green Xuorescent protein (gfp)-expressing cells of the retina despite their widespread use in biomedical research.
The scanning laser ophthalmoscope (SLO) is a fundus imaging technique based on the scanning of the fundus with a laser beam from a point source, while the reXected light is detected by a photomultiplier. Incident and reXected light follow a coaxial path. Therefore, more light can penetrate small eyes than with conventional fundus cameras. Several reports of SLO imaging in rats have been published (Cordeiro, Guo, & Luong, 2004; Genevois, Paques, & Sercombe, 2004; Hossain, Liversidge, & Cree, 1998; Khoobehi & Peyman, 1999; Le Gargasson, Paques, & Guez, 1997; Nishiwaki, Ogura, Kimura, Kiryu, & Honda, 1995) , most of them being hemodynamic studies. Comparatively, there is little available data on SLO imaging in mice (Jaissle, May, & Reinhard, 2001; Vicent, Ilany, & Kondo, 2003; Xu, Manivannan, & Liversidge, 2003) despite their more common use as experimental models of ophthalmic diseases. Overall, there has been no evaluation of SLO as a fundus imaging method in rodents. Therefore, we undertook the present study, aimed at evaluating fundus imaging obtained with a confocal SLO (cSLO) in mice.
Materials and methods
The Heidelberg Retina Angiograph (Heidelberg Engineering, Dossenheim, Germany) is a digital cSLO equipped with four laser wavelengths (488, 514, 788 and 820 nm), with Wlters for Xuorescein and indocyanine green (ICG) Xuorescence. To adapt the commercial system to the optics of the mouse eye, the 40 mm focal lens of the front objective was replaced by a 25 mm focal lens (Linos Optics, Milford, MA). The Wnest deWnition is 512 £ 512 pixels, with three angles of view (nominal values of 10°, 20° and 30°). The focus is adjustable over a +11/¡11 diopters range. A video acquisition mode (up to 20.6 images per second) is available. Within any area of interest, a stack of tomographic images (z-scans) can be automatically acquired. The builtin software was used for post-processing the images, including alignment, adjustment of contrast, construction of a mean image and/or of a composite image. Averaging was indeed required to increase the signal-to-noise ratio of fundus autoXuorescence.
Adult C57/BL6 and balb/c mice were provided by Janvier (Saint-Ile le Genest, France) or Charles Rivers (L'Arbresle, France). All experiments were performed in accordance with the Association for Research in Vision and Ophthalmology statements on the care and use of animals in ophthalmic research. Throughout the examination process, a calm, quiet ambiance with dim illumination was maintained. Vibrissae were not trimmed. Pupil dilation was performed with topical 1% tropicamide (CibaVision, Paris, France). Careful slit-lamp examination before SLO procedure ruled out the presence of any corneal or lens opacities.
Mice were manually held in front of the cSLO, in an upright position. As a rule, restraint and rest periods alternated approximately every 20 s. The examination was interrupted if the animal showed any manifest sign of fatigue.
Plasma labeling by Xuorescent dyes such as Xuorescein sodium or by indocyanine green (ICG) is the usual technique for retinal and choroidal vessel imaging in humans. For Xuorescein angiography, 50 l of 10% sodium Xuorescein (Ciba Vision) was injected intraperitoneally. For ICG angiography, 0.1 mg of Infracyanine (Société d'Etude et de Recherches Biologiques, Paris, France) dissolved in 50 l of glucose water was injected into the tail vein, and cSLO examination was performed immediately thereafter (i.e., within seconds). It was indeed crucial to examine the mouse as soon as possible after ICG injection, because the contrast of ICG-Wlled choroidal vessels rapidly fades due to extravascular leakage of the dye.
The screen magniWcation was estimated by comparing the in vivo and most-mortem diameter of the optic disc of 10 C57/BL6 mice. The axial and transverse resolutions and the potential of cSLO for gfp detection were evaluated in CX 3 CR1 transgenic mice, in which cells of microglial lineage express gfp under the control of the fractalkine receptor gene promoter (Jung, Aliberti, & Graemmel, 2000) . Tridimensional localization of gfp+ cells performed in vivo was compared to histology. Finally, to evaluate the tolerance of the photoreceptors to the cSLO procedure, Wve albino mice, which are known to be more sensitive to light-induced photoreceptor degeneration than pigmented mice (Hayes & Balkema, 1993; Williams, Howard, & Williams, 1985) , were exposed to 488 nm laser illumination over a period of 2 min with the nominal 30°W
eld. This duration is approximately three times the duration of illumination during a standard SLO session. The illumination Weld was centered on the optic nerve to ensure proper recognition of the illuminated retina on histological slides. One month later, the mice were sacriWced and their eyes processed for rhodopsin immunolabeling using standard procedures.
Results
Satisfactory fundus imaging could be obtained routinely. Manually restraining the mouse allowed to obtain a stable image during 5-10 s, which could be repeated after a short rest period. In our experience the image quality was better than that obtained in anesthetized animals, which frequently develops acute clouding of the ocular media because of the absence of blinking and of body temperature regulation. The wavelength did not appear to inXuence the behavior of the animals. Mice younger than 1 month could not be satisfactorily imaged because of the very small size of their eye. Representative examples of fundus imaging in pigmented and albino mice are shown in Fig. 1 . The degree of pigmentation inXuenced fundus imaging. Imaging of the nerve Wber layer (NFL) was indeed of better quality in pigmented mice, probably because the absence of reXected light from the choroid and sclera increased the contrast between the Wber bundles and the dark background. Moreover, to avoid overexposure in albino eyes by the 514 nm laser, it was necessary to attenuate the incident light by a yellow Wlter, which generated a central artefact (not shown). Conversely, imaging of the choroid by ICG angiography was of better quality in albino animals. Fluorescein angiography and autoXuorescence imaging were of similar quality in both strains.
The width of a nominal 30° image, measured in 10 eyes, ranged from 1242 to 1701 m (mean, 1519 m). There was a strong correlation between the diameter of the optic nerve head measured ex vivo and the width of the cSLO image (Fig. 2) , that is, the larger the optic nerve, the larger the cSLO Weld, suggesting that axial length inXuences signiWcantly the magniWcation. MagniWcation was not altered by defocusing as appreciated on serial z-scans (data not shown).
The correspondence between the dioptric step and the focus shift was estimated by successively focusing on the diVerent microvessel layers during Xuorescein angiography. Thus, the focus span in the z axis (¡11 to +11 diopters) with the 488 nm laser was in the magnitude of 240 , which allowed to image the entire retinal thickness. Within this focus span, several optical section planes could be observed. Optical sectioning in the z-axis with the 514 nm laser (Fig. 3) allowed to successively image the NFL, the inner retina, the deep microvessel layer, and the retinal pigment epithelium. It is known that retinal microvessels form three parallel layers, interconnected in such a way that the inner (superWcial) layer is of arteriolar nature, while the outer (deep) layer comprises capillaries and post-capillary venules. These layers are interconnected by short perpendicular capillary segments (Paques, Tadayoni, & Sercombe, 2003) . By cSLO these connecting capillaries appeared as dark spots, because of the absorption of the 514 nm wavelength by hemoglobin (arrows in Figs. 3B, E, and F) . Conversely, the capillaries that were parallel to the retinal surface were hyperreXective (Fig. 3C) , probably because of their cylindrical shape, as for the NFL bundles (Berendschot, DeLint, & van Norren, 2003) .
Axial and transverse resolutions were estimated on Xuorescence imaging. High magniWcation viewing of gfp+ microglial cells (Fig. 4) enabled to image the general morphology of the gfp+ cells and to distinguish the perikarya from the Wrst-order dendrites (Figs. 4B and C) . The Wrst-order dendrites had a mean width of 2 ex vivo, and an apparent width of 5-6 in vivo. Therefore, the transverse resolution of gfp+ cells, that is the minimal distance allowing to separate two cells was close to 10 . Serial optical sectioning suggested a pluristratiWed disposition of microglial cells (Figs. 4D-F) . In the z-axis, a single gfp+ cell was seen over a focus span of approximately 10 diopters. Histology conWrmed the pluristratiWed disposition of gfp+ cells (Fig. 4G) . On Xuorescein angiograms, optical sectioning allowed to clearly distinguish the three microvessel layers (Fig. 5) , indicating a transverse resolution in the magnitude of the interlayer distance, that is 55 .
While in air we found no detectable focus shift between the diVerent wavelengths (data not shown), in the mouse retina the 488 and 788 nm laser had a dioptric shift of approximately 8 diopters (Fig. 6) . Indeed, when the 488 nm laser was focused on the inner microvascular layer, the 788 nm laser was focused on the deep microvessel layer. Given the known distance between these layers, it can be estimated that in the mouse eye, the focus shift between 488 and 788 nm lasers was close to 110 .
A representative example of ICG angiography of the choroid is shown in Fig. 7 . The organization of the choroidal vasculature appeared to comprise two horizontal posterior ciliary arteries, a perioptic venous plexus, and a vortex vein in each quadrant (Fig. 7A) . The choriocapillaris could not be visualized clearly. The general organization of the choroidal vasculature appears similar to that of rats (Bhutto & Amemiya, 2001 ). In the late phase of choroidal angiography, a dye-Wlled structure posterior to choroidal vessels was seen (Fig. 7B) . We hypothesized that this corresponded to the orbital venous sinus (Timm, 1989) .
The Weld of view could be extended up to the extreme periphery of the retina (Fig. 8) , as demonstrated by the visualization of the peripheral capillary arcade.
No evidence of phototoxicity was found after prolonged exposure to the 488 nm laser, as shown by the normal appearance of the photoreceptor outer segments in the illuminated area (Fig. 9) .
Several models of experimental retinal degeneration were also examined. The rd mouse is a model of outer retinal degeneration leading to a complete loss of photoreceptors. By cSLO, while the inner retina appears normal (Fig. 10A) , retinal pigment epithelium atrophy with loss of the fundus autoXuorescence was observed (Fig. 10) . The rd7 mouse is a model of retinal dystrophy in which a mutation in the PNR gene leads to the formation of rosettes in the outer nuclear layer (Akhmedov, Piriev, Chang, Rapoport, & Hawes, 2000) . Optical sectioning by cSLO clearly showed that rosettes are located in the outer retina (Figs. 10C and D) .
Discussion
We report here that cSLO allows multimodal fundus imaging in mice, with high axial and transverse resolutions. Compared to cSLO imaging in humans with the HRA, the screen magniWcation was approximately 5 times higher (1519 versus 7500 ) and, accordingly, the transverse and axial resolution appeared higher. Indeed, the transverse resolution allowed to image micrometer-scale structures such as the nerve Wber bundles and the dendrites of microglial cells. The disposition of the nerve Wber bundles in a single plane (Radius & de Bruin, 1981 ) over a pigmented background, together with their cylindrical shape, explains the high reXectance of the NFL in pigmented animals (Knighton & Huang, 1999) . Comparatively, the axial resolution in the human eye is approximately equivalent to the retinal thickness (Heidelberg Engineering, data on line). Thus, Xuorescein angiography in albino mice with minimal background noise from the choroid could be performed. However, in albino eyes, with the 514 nm laser, the strong reXection from the sclera signiWcantly impaired NFL imaging.
Overall, cSLO appears as a powerful technique for in vivo cellular imaging in the retina, which complements histology in several aspects. For instance, compared to histology, cSLO allows convenient en face (xy) imaging which is well adapted to visualize retinal structures such as the nerve Wber layer and the microvessels layers, to document fundus autoXuorescence and to perform gfp+ cell counts, as illustrated in Fig. 4A . Some limitations to cSLO imaging have to be taken into account when designing studies or interpreting results of cSLO. cSLO images are by nature monochromatic, and thus cannot replace color photography and/or biomicroscopic examination. Due to the limited Weld of a single image, imaging the entire retina was tedious and not feasible on a routine basis in a conscious animal. We found an important variability of magniWcation between mice, which is probably related to the axial length (and/or the refraction) which is itself related to the age of the mouse (Schmucker & SchaeVel, 2004) . Finally, as the surface of the mouse retina is grossly 1/16 of that in the Fig. 6 . Illustration of the focus shift between 488 and 788 nm wavelength. Fluorescein (488 nm; A and C) and ICG (788 nm; B and D) angiographies were simultaneously performed. The deep microvessel layer was in focus at +11diopters setting with the 788 nm laser (arrows in B), and at +3 diopters setting with the 488 nm laser (arrows in C). human retina, an increase of the risk of light damage is likely since the power of the incident light is not adjustable (except for the 788 nm laser). However, we found no retinal lesions indicative of laser-induced retinal degeneration even after prolonged exposure to the 488 nm laser. Nevertheless, it seems advisable to limit the duration of examinations to the minimum required for data acquisition, to repeat short exposures rather than perform a long continuous one, and to use wide angle imaging, especially when viewing gfp+ cells with the 488 nm laser and/or in retinal dystrophy models.
Future developments of cSLO imaging may include double labeling imaging and molecular studies. The capability to perform simultaneously two Xuorescence imaging may, for instance, enable to simultaneously image ICG retrogradelly labeled ganglion cells (Paques, Genevois, & Rég-nier, 2003) and gfp+ cell. Recently, Cordeiro et al. (2004) showed that apoptotic cell death of retinal ganglion cells in rats can be detected by SLO after intravitreal injection of Xuorescent antibodies to annexin. Other current applications of cSLO that were not illustrated here concern retinal and choroidal hemodynamics. Overall, due to its capacity to obtain three dimensional, dynamic, high deWnition imaging in conscious mice, confocal scanning laser ophthalmoscopy can be considered as an equivalent of intravital microscopy. cSLO therefore holds promising perspectives Fig. 8 . Composite Xuorescein angiography from the disc to the extreme periphery of the retina. Arrows and arrowhead in the insert shows the peripheral capillary arcade. Fig. 9 . Rhodopsin immunolabeling of balb/c mouse eye exposed to 488 nm laser continuous illumination over a period of 2 min. There is no lesion suggestive of light-induced retinal degeneration (right: control). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer. Bar, 50 .
for experimental research on diseases of the retina, choroid and optic nerve.
